A population genetic approach was used to explore the evolutionary biology of the parasitic angiosperm Arceuthobium americanum Nutt. ex Engelm. (Viscaceae). Arceuthobium americanum infects three principal hosts and has the most extensive geographical range of any North American dwarf mistletoe. Based on the lack of apparent morphological and phenological differences between populations of A. americanum , past researchers have found no evidence for recognizing infraspecific taxa. In this study, molecular analysis using amplified fragment length polymorphism (AFLP) analysis indicated that A. americanum is divided into three distinct genetic races, each associated with a different host taxon in regions of allopatry: (i) Pinus banksiana in western Canada; (ii) Pinus contorta var. murrayana in the Sierra Nevada and Cascade Mountain ranges in the western US; and (iii) Pinus contorta var. latifolia in the western US and Canada. These observations suggest that host identity, geographical isolation and environmental factors have contributed to race formation in A. americanum . The lack of fine-scale patterning within each of the A. americanum races is attributed to random dispersal of seeds over long distances by animal vectors. Historical factors such as glaciations and founder events have also influenced structuring and genetic diversity in A. americanum populations. Given sufficient time, it is possible that these races will become reproductively isolated and undergo speciation.
Introduction
Speciation via race formation is thought to be an important evolutionary process affecting parasites (Price 1980; Thompson 1994 ; Norton & Carpenter 1998) . Race formation in parasites and nonparasites occurs when gene flow between conspecific populations is diminished because of factors such as isolation-by-distance (i.e. geographical isolation) (Templeton 1981 ; Orr & Orr 1996; Via et al . 2000) or ecological adaptation to different environmental conditions or host taxa (Thompson 1994; Schluter 1998; Via et al . 2000) .
Analysis of population genetic structure provides one means for assessing race formation in parasites. Several researchers (Price 1980; Tybayrenc & Ayala 1991; Maynard Smith et al . 1993) have suggested that parasites and other dependent species are likely to be characterized by high population subdivision, geographical differentiation and the existence of cryptic taxa. This is thought to be the result of patchy distributions and strict dependence on hosts for survival (Price 1980) . Nadler (1995) disputed this point, arguing that generalizations of parasite population structure are not possible as so many factors are involved. For example, the life history characters of both the parasite and the host play a role in determining the population structure of parasites (Nadler 1995; Nadler et al . 1995) . In addition, influences such as geographical range and stochastic processes such as founder events and population bottlenecks (Slatkin 1987) can significantly impact their genetic structuring. Empirical data support Nadler's concept (Nadler 1995) as numerous studies of animal, fungal and protistan parasites reveal that these taxa have a wide range of population structures (Bull et al . 1984; Lybeard et al . 1989; Nadler et al . 1990 Nadler et al . , 1995 Mulvey et al . 1991; Vogler et al . 1991; Dame et al . 1993; Nascetti et al . 1993 ; Dybdahl & Lively 1996; Jobet et al . 2000) .
Parasitic angiosperms
The parasitic angiosperms comprise an ecologically and economically important group of parasites. There are ≈ 4000 species of parasitic plants, distributed across three dicot subclasses and 22 families (Nickrent et al . 1998) . Several studies examining the genetic structure of parasitic angiosperms indicate that these taxa (including Phoradendron Nutt., Glazner et al . 1988 ; Orobanche L., Verkleij et al . 1989 Verkleij et al . , 1991 Paran et al . 1997; Gagne et al . 1998 ; Striga Laur., Olivier et al . 1996 Olivier et al . , 1998 Kuiper et al . 1996 ; Pedicularis L., Schmidt & Jensen 2000; and Bdallophyton Eichler, Garcia-Franco et al . 1998 ) have a wide range of population structures. This variation can likely be attributed to differences in life history traits such as breeding system and seed dispersal mechanism, as well as differences in geographical range, and historical events. Although these population studies have provided insight into the distribution of genetic diversity among populations of parasitic angiosperms, most taxa were not examined throughout their geographical or host range. Thus, it is difficult to infer which evolutionary forces were important in shaping their population structure. For example, the importance of geographical isolation or divergent selection pressures imposed by different environmental conditions, host species and host genotypes has not been thoroughly studied. Nonetheless, it has been argued that host-driven selection pressures have played an important role in the evolutionary diversification of the parasitic angiosperms (Glazner et al . 1988 ; Nickrent & Butler 1990 ; Hawksworth & Weins 1996; Norton & Carpenter 1998) .
The genus Arceuthobium
The genus Arceuthobium M. Von Bieb. (Viscaceae) is comprised of 42 species of dioecious parasitic plants (dwarf mistletoes) that infect hosts in the families Pinaceae Sprengel ex Rudolphi and Cupressaceae Gray. Dwarf mistletoes are considered to be the most damaging pathogens to attack commercially important coniferous timber stands throughout western North America (Hawksworth & Wiens 1996) . Conifers attacked by dwarf mistletoes show a reduction in growth (height, diameter and volume), wood quality and reproductive fitness (reviewed in Hawksworth & Wiens 1996) . Despite this negative economic impact, dwarf mistletoes are ecologically important in forest ecosystems as they provide food, cover and nesting sites for a variety of birds, mammals and insects (Seamans & Gutiérrez 1995; Bennetts et al . 1996; Parks et al . 1999) . Pollen dispersal in the genus Arceuthobium is mediated by both insects (such as flies, bees and gnats) and wind (Penfield et al . 1976 ; Gilbert & Punter 1984; Hawksworth & Wiens 1996) . Seed dispersal in the genus is achieved primarily through a hydrostatically controlled explosive discharge mechanism (Hawksworth & Wiens 1996) . In addition, rare events of long-distance migration through the stochastic transport of Arceuthobium spp. seeds on the feathers of birds or the fur of small mammals have been implicated by several researchers (reviewed in Hawksworth & Wiens 1996) .
A few population-level studies (Nickrent & Butler 1990 Nickrent & Stell 1990 ) using isoenzyme analysis examined genetic divergence within members of the genus Arceuthobium . These studies were insightful as they revealed that cryptic taxa may be found within different species of Arceuthobium. Indeed, Nickrent and colleagues (Nickrent & Butler 1990 Nickrent & Stell 1990; Hawksworth et al . 1992 ) detected and described five new species using this approach. The studies of Nickrent and colleagues (Nickrent & Butler 1990 Nickrent & Stell 1990) were also significant as their research confirmed that members of this genus are highly outcrossing . Despite the important contribution made by these studies, there remains a need for more research in the genus. For example, the taxa examined to date have been restricted to members of the section Campylopodum Hawksw. and Wiens (subgenus Vaginata Hawksw. and Wiens), a clade that is genetically and morphologically distinctive from other Arceuthobium spp. In addition, many of the Arceuthobium taxa examined have relatively limited geographical ranges in comparison with other members of the genus. Thus, the impact of isolation-bydistance and adaptation across a wide host and geographical range has not been fully explored in Arceuthobium .
Arceuthobium americanum
In order to gain a better understanding of evolutionary forces acting on plants in the genus Arceuthobium , we examined the population structure of A. americanum Nutt ex Engelm. (subgenus Arceuthobium , section Americana Nickrent). Despite the fact that A. amercanum has the most extensive range (latitudinal distribution of 2800 km; longitudinal distribution of 2400 km; Fig. 1a ) of any North American dwarf mistletoe, it has been the subject of surprisingly limited genetic and taxonomic research (Linhart 1984; Hawksworth & Wiens 1996) . This parasite is capable of naturally infecting 14 different hosts in the family Pinaceae (Hawksworth & Wiens 1996) , the most important of these being the three principal hosts, Pinus banksiana Lamb. (a taxon that is found throughout much of Canada and north-eastern US), P. contorta Douglas ex Loudon var. latifolia Englem. (a taxon that is found in western Canada and the western US) and P. contorta var. murrayana (Greville and Balfour) Englem. (a taxon that is found in the western US) (Fig. 1b) . In addition, A. americanum is capable of infecting a secondary host ( P. ponderosa Douglas ex Louson var. scopulorum Engelm.), four occasional hosts ( P. albicaulus Engelm. , P. flexilis E. James , P. jeffreyi Greville and Balfour and P. ponderosa var. ponderosa ), and six rare hosts.
Based on the lack of apparent morphological, physiological and phenological differences between populations, Hawksworth & Wiens (1996) found no evidence for recognizing infraspecific taxa within A. americanum . However, the detection of cryptic taxa within other Arceuthobium spp. (Nickrent & Butler 1990 Nickrent & Stell 1990) suggests that this pattern might also be observed in A. americanum, particularly with its wide host and geographical ranges. Historical events may also have impacted genetic diversity in A. americanum as this taxon is found in regions that were both glaciated and unglaciated during the Pleistocene. Previous studies of various plant taxa (Copes 1981 ; Lewis & Crawford 1995; Broyles 1998) indicate that Pleistocene glaciations can have a significant impact on the genetic structure of northern species. This is the first of two studies that examine the evolutionary forces acting on A. americanum . In this initial study, the genetic population structure of A. americanum was examined using the molecular marker, amplified fragment length polymorphism (AFLP) analysis. The objectives of this study were to: (i) assess the pattern of genetic diversity of A. americanum within and between conspecific populations over its entire geographical range; (ii) determine if the genetic divergence among conspecific A. americanum populations is geographically patterned; (iii) examine for evidence of distinct genetic races of A. americanum that specialize on different hosts; and (iv) elucidate factors responsible for the observed genetic structure in A. americanum . In the second study of this series (Jerome & Ford 2002) , the population structure of the parasite is interpreted in light of knowledge about population structure of its Pinus spp. hosts. These studies represent one of the few comprehensive investigations into the evolutionary, geographical, biological, ecological and historical factors influencing a parasitic plant.
Materials and methods

Collection of plant material
Plant tissue was collected from 51 populations of Arceuthobium americanum throughout its geographical range (Table 1 ; Fig. 1a ). In general, twigs infected with dwarf mistletoe shoots were pruned from a single witch's broom on 10 different trees within each population. Plant tissue was dried in the field by placing plant material directly into bags containing Silica Gel® dessicant (28 -200 Mesh, Avg. Pore diameter 22 Å, Sigma S-4883).
DNA extraction
A. americanum DNA was extracted using the DNeasy Plant Mini Kit (Qiagen 69106). Protocols from the kit were followed with a few modifications: (i) only 5 mg of lyophilized tissue was used because DNA became sheared when larger amounts of plant material were loaded onto the columns; (ii) to increase yield, DNA was eluted from columns twice with 150 µ L of preheated AE buffer; and (iii) DNA was concentrated by an overnight EtOH precipitation and resuspended in 30 µ L of sterile dH 2 O.
AFLP analysis
The AFLP procedure was carried out using Mse I and Eco RI restriction enzymes as per Vos et al . (1995) with some modifications. Because silver staining was used to visualize AFLP bands on gels, it was unnecessary to biotinylate or radioactively label the adapters, Ma1.1 (GACGATGAGTCCTGAG), Ma1.2 (TACTCAGGACTCAT), Ea1.1 (CTCGTAGACTGCGTACC) and Ea1.2 (AATTGG-TACGCAGTC). Pre-amplification polymerase chain reaction (PCR) for Arceuthobium was performed using the +1/+1 pre-amplification primer combination M-C (GATGAG-TCCTGAGTAAC) and E-A (GACTGCGTACCAATTCA). Two microlitres of the diluted ligated DNA sample was added to each pre-amplification reaction tube to a total volume of 25 µ L. Reaction tubes contained 30 ng of each pre-amplifucation primer, 1 × PCR buffer, 1.5 m m MgCl 2 , 0.2 m m of each dNTP, and 1.0 Units of Taq DNA polymerase. Denaturation was at 94.0 ° C for 30 s, followed by primer annealing at 56.0 ° C for 1 min and primer extension at 72.0 ° C for 1 min. This cycle was repeated 20 times and the pre-amplification PCR product was diluted 1 in 4 with sterile dH 2 O.
Selective PCR amplification for all 51 populations of A. americanum was performed using two +3/+3 primer combinations: (i) M-CAC (GATGAGTCCTGAGTAACAC) and E-ACG (GACTGCGTACCAATTCACG); and (ii) M-CCG (GATGAGTCCTGAGTAACCG) and E-ACA (GACTGCG-TACCAATTCACA). A preliminary unweighted pair-group means of analysis ( upgma ) of genetic distances (Nei's and F ST ) among 32 populations of A. americanum using five primer combinations (178 loci) showed the same overall topology as that obtained with the two primer combinations described above. Thus, subsequent analyses were restricted to loci obtained using these two primer combinations. The selective PCR amplification mix was the same as for the pre-amplification with the exception that 2 µL of diluted pre-amplification DNA was used and the final volume of the selective amplification reaction was 20 µL. Denaturation was at 94.0 °C for 30 s, followed by initial primer annealing at 65.0 °C for 1 min and primer extension at 72.0 °C for 1 min. With each successive cycle, the primer annealing temperature was ramped down by 0.7 °C until reaching 56.0 °C. At this point, 22 cycles were carried out holding the primer annealing temperature constant at 56.0 °C. AFLP products were run on 5% polyacrylamide gels. Following electrophoresis, gels were fixed on the glass plate in 10% acetic acid for 20 min. Silver-staining of gels was performed using the Silver Sequence™ DNA Sequencing System kit (Promega) with the following procedural modification to minimize background staining. Following 30 min of silver staining, the gel was dipped briefly into an ultrapure water rinse and then transferred through two separate developer solutions (E. Reimer, Cereal Research Centre, Agriculture and Agri-Food Canada, Winnipeg, Manitoba, personal communication). The gel was placed into the first developer solution and rocked back and forth until the first hint of bands appeared on the gel. The gel was then quickly transferred into the second developer solution and agitated until the AFLP loci appeared as dark bands. Gels were fixed in acetic acid, air-dried overnight and scored on a light box for presence or absence of bands across individuals. Both monomorphic and polymorphic loci were included in the analysis. Loci and individuals considered to be ambiguous following scoring by two independent researchers were excluded from the analysis. Any bands that could not be resolved were recorded as missing data. For consistency across gels, 100 ng of pGEM marker (Promega), and representatives from several disparate populations were included Table 1 Continued on each gel in order to confirm band position. Gels were photocopied and/or scanned for preservation.
Data analysis of Arceuthobium AFLP
In order to calculate genetic distance and diversity measures, two approaches were used. The first approach was based on Nei's unbiased distance and diversity measures (Nei 1978) . In this case, the frequency of presence/absence bands were first adjusted using the Lynch & Milligan (1994) correction factor (see below) for dominant markers:
where q is the corrected estimate of frequency of the null allele, x is the observed frequency for the null allele, N is the population sample size and p is the corrected estimate of the presence allele. This Lynch-Milligan (L-M) correction factor assumes Hardy-Weinberg conditions to adjust allele frequencies of loci in dominant marker systems [such as AFLP and random amplified polymorphic DNA (RAPD)]. Such markers underestimate null allele frequencies and overestimate presence allele frequencies because of the masking of null alleles in the heterozygous state. As Arceuthobium spp. are dioecious (Hawksworth & Wiens 1996) and past genetic studies (Nickrent & Butler 1990 have shown congruence between observed and expected heterozygosity levels of several Arceuthobium spp., the L-M correction factor is suitable for this study.
Nei's unbiased genetic distances (Nei 1978) , proportion of polymorphic loci (% poly.), and expected heterozygosity (H E ) (Nei 1978) were determined from the L-M corrected allele frequencies among 51 A. americanum populations using biosys-2 ( Swofford & Selander 1992) . This program was recompiled by Kermit Ritland (Department of Forest Sciences, University of British Columbia, Vancouver, Canada) to handle 200 loci and 100 populations. Nei's unbiased distances (matrix available upon request from CAJ) were used to create a phenogram derived from upgma. Total genetic diversity (H T ), average diversity within populations (H S ) and among populations (D ST ) and the coefficient of genetic differentiation (G ST ) were calculated using Nei & Chesser's (1983) procedure (unbiased for sample size) using the output from biosys-2.
Genetic diversity and variability measures were examined for A. americanum as a whole, as well as for six groups defined on the basis of host identity (see Table 1 ): (i) Pinus banksiana; (ii) P. contorta var. latifolia; (iii) P. banksiana × P. contorta var. latifolia hybrids; (iv) P. contorta var. murrayana; (v) P. jeffreyi; and (vi) P. ponderosa. In addition, genetic diversity and variability measures were examined in two groups of A. americanum found on P. contorta var. latifolia (those from previously glaciated regions in Canada and those from unglaciated regions in the US) to examine the impact of Pleistocene glaciation on these populations. Analysis of variance and two-sample t-tests were performed using data desk® version 4.1 (Vellman 1993) to determine if these groups possessed significantly different levels of genetic variation (as reflected by percentage of polymorphic loci or H E ).
In order to test the accuracy of using Nei's approach to estimate population allele frequencies with small sample sizes (Lynch & Milligan 1994) and to assess the utility of using the L-M correction factor with dominant markers (Travis et al. 1996; Schmidt & Jensen 2000) , a second approach was also employed for analysing the data. This involved using an analysis of molecular variance (amova) (Excoffier et al. 1992) . To perform this analysis, pairwise genetic distances between individuals were calculated from the presence/absence marker data as a Euclidean metric distance using the following formula (Excoffier et al. 1992; Huff et al. 1993) :
where E is the Euclidean distance, n is the number of polymorphic bands and n xy is the number of bands shared between individuals x and y. Population-level variance components and pairwise F ST values were calculated from the pairwise Euclidean distances between individuals using amova. This procedure was performed both with and without group structure (defined by host identity) to the parasite populations. Pairwise population F ST values (equivalent to φ ST from the software programme winamova, L. Excoffier, University of Geneva, Switzerland) were used as a measure of genetic distance between populations (Huff et al. 1993) . Euclidean distances and amova were calculated using the software program arlequin (Schneider et al. 2000) . An upgma from these F ST genetic distance values (matrix available upon request from CAJ) between populations was then determined using syntax 5.1 (Podani 1998) .
In addition to the above approaches, upgma cluster analysis of Jaccard (Sneath & Sokal 1973 ) and simple-match (Sokal & Michener 1958) coefficients were used to examine the genetic distance between all individuals. The resulting dendrograms are not presented here because of their large size (≈ 500 individuals) and because they yielded the same general topology as that seen for upgma trees of Nei's and F ST genetic distances between populations.
In addition to cluster analyses, genetic structure was analysed using nonmetric multidimensional scaling (NMDS). NMDS is a nonparametric method that is particularly effective in depicting genetic relationships among populations when no distinct groupings are present. NMDS was used to examine geographical patterning within the two largest groups: the A. americanum/P. banksiana group (n = 16) and the A. americanum/P. contorta var. latifolia group (n = 26).
The A. americanum / P. contorta var. murrayana group (n = 3) was not considered large enough to perform this analysis. NMDS ordinations based on F ST genetic distances were performed using the program ordin of syntax v.5.1 (Podani 1998) .
Results
The two primers used in this analysis yielded 100 scorable loci ranging in size from 100 to 1100 bp. Of these loci, 85 were polymorphic and 15 were monomorphic.
Genetic structure of populations and detection of races
The dendrogram (Fig. 2) created by upgma cluster analysis using F ST genetic distances from amova (matrix available upon request) revealed that Arceuthobium americanum populations are divided into three distinct genetic races, each associated with a different principal pinus host taxon in regions of allopatry: (i) Pinus banksiana in western and central Canada; (ii) P. contorta var. murrayana in the Sierra Nevada and Cascade Mountain ranges; and (iii) P. contorta var. latifolia throughout the western US and Canada. However, a couple of exceptions to this pattern were evident in the analysis. First, the six A. americanum populations isolated from P. banksiana × P. contorta var. latifolia hybrid hosts in Alberta (AB-17, AB-18, AB-19, AB-20, AB-21 and AB-22) did not form a unique group, but were found in variable positions in the dendrogram. Also, populations of A. americanum that were isolated from both a principal host (P. contorta var. latifolia or var. murrayana) and a secondary (P. ponderosa var. scopulorum) or occasional (P. jeffreyi) host from the same stand were not well differentiated from each other (Fig. 2) . Ordination analysis (figure not shown) based on genetic distances derived from amova showed this same pattern, whereby A. americanum is divided into three distinct host-specific groups. (Excoffier et al. 1992) . Line shading indicates host taxon from which the parasite was isolated: black lines, Pinus banksiana hosts; grey lines, P. contorta var. latifolia and var. murrayana hosts; dashed lines, P. banksiana × P. contorta var. latifolia hybrid hosts; slashed lines, nonprincipal hosts.
The upgma dendrogram derived from Nei's unbiased distances (available upon request from CAJ) also revealed a similar pattern to that derived from F ST genetic distances, with three genetic races each being associated with a different host. A. americanum populations from hybrid hosts showed higher identity with populations from P. banksiana (0.914) and P. contorta var. latifolia (0.908) than with each other (0.898). Nei's unbiased genetic identities within the three A. americanum races (0.941-0.970) were greater than those observed between races (0.868 -0.908) ( Table 2) , indicating the cohesiveness of these races. The lower genetic identity values between races were the result of both allele frequency differences and the existence of unique alleles. Five unique alleles were found in the A. americanum race associated with P. contorta var. murrayana, whereas nine unique alleles were found in the A. americanum races on P. banksiana and P. contorta var. latifolia. The A. americanum races associated with P. contorta var. latifolia and var. murrayana possessed six unique alleles not found in the race on P. banksiana.
Geographic patterning within races
The dendrogram (Fig. 2) based on upgma cluster analysis of F ST genetic distances indicated that there is very little fine-scale geographical patterning within the three major races of A. americanum. Similarly, NMDS ordination analysis depicted a lack of fine-scale patterning among A. americanum populations from either P. banksiana hosts (Fig. 3) or P. contorta var. latifolia hosts (Fig. 4) . At the broader level, geographical patterning was present in this latter group since both cluster analysis (Fig. 2) and ordination analysis (Fig. 4) 
Population-level genetic variability measures
Genetic variability measures ranged considerably across populations and races (Table 3) . A. americanum populations from P. banksiana had lower genetic variability (34 -51% poly., P = 0.0001; H E 0.127-0.165, P = 0.0001) than did populations from the P. contorta var. latifolia (45 -65% poly.; H E 0.157-0.220) and P. contorta var. murrayana (49 -55% poly.; H E 0.147-0.201). The three A. americanum populations from hybrid hosts in northern Alberta (AB-18, AB-21 and AB-22) were genetically depauperate, having a significantly lower proportion of polymorphic loci (21-30% poly., P = 0.017) and genetic variability (H E 0.059 -0.104, P = 0.020) than other populations (34 -66% poly., H E 0.127-0.220). As well, these populations (AB-18, AB-21 and AB-22) were considerably less variable than populations isolated from the more southerly hybrid hosts in central Alberta (AB-17, AB-19 and AB-20) (45 -52% poly., P = 0.007; H E 0.175 -0.185, P = 0.020). A. americanum populations from P. contorta var. latifolia from regions that were previously glaciated were found to be more genetically diverse (47.0 -65.0% poly., P = 0.033, H E 0.157-0.220, P = 0.030) than those from unglaciated regions (45.0 -62.0% poly., H E 0.154 -0.211).
Group level genetic diversity measures
Overall diversity. When all populations of A. americanum were considered as a single group, Nei & Chesser's (1983) genetic diversity measures indicated that A. americanum was quite variable with total genetic diversity (H T ) of 0.238 and average genetic diversity (H S ) of 0.170 (Table 4) . Populations were well-differentiated from each other with a coefficient of differentiation (G ST ) of 0.286 (Table 4) . This indicates that 71.4% of the genetic variation was found within populations and 28.6% was found between populations. As with Nei's statistics above, the amova indicated that considerably more of the variance was found within populations (69.70%) than between populations (30.30%) (P < 0.001) ( Table 5 ).
Group diversity. Nei & Chesser's (1983) genetic diversity statistics for A. americanum groups ( Population differentiation values (G ST ) ranged from the lowest for A. americanum populations from P. ponderosa var. scopulorum and P. contorta var. murrayana (0.044 and 0.095, respectively) to values that were 3.5 -8 times higher for A. americanum populations from hybrid and P. contorta var. (Excoffier et al. 1992 ) between populations of Arceuthobium americanum on Pinus contorta var. latifolia hosts. . When the six groups defined by host were examined using a nested amova, 65.92% of the variance was found within the populations, 18.35% was found among the six groups and 15.74% was found among the populations within these six groups (P < 0.001) ( Table 5) .
Discussion
Factors influencing overall genetic structure
Role of principal hosts. Selection pressures imposed by different hosts have been implicated as playing a major role in the adaptive radiation within the genus Arceuthobium (Nickrent & Butler 1990; Hawksworth & Wiens 1996) . Differentiation of the parasitic plant Viscum album L. into three genetic races specializing on different hosts (Zuber & Widmer 2000) also supports this view. Results from our study suggest that the identity of the principal host taxon plays a role in defining the population structure of A. americanum since the three races (Pinus banksiana race, P. contorta var. latifolia race and P. contorta var. murrayana race) can be easily defined by this parameter. It is possible that these hosts have imposed divergent selection pressures, favouring certain parasite genotypes while selecting against others. These pressures could, therefore, have led to restricted gene flow and contributed to the formation of three genetic races of A. americanum. Host-driven selection pressures have been implicated previously in race formation across a wide range of taxa, particularly in the phytophagous insects (Bush 1994 ; Sembène & Delobel 1998; Groman & Pellmyr 2000; Via et al. 2000) . Table 5 Analysis of molecular variance (amova) for 51 populations of Arceuthobium americanum. For the nested analysis, populations were divided into six groups based on host identity (Pinus banksiana, P. contorta var. latifolia, P. banksiana × P. contorta var. latifolia hybrids, P. contorta var. murrayana, P. jeffreyi and P. ponderosa). Degrees of freedom (d.f), sums of square deviations (SSD), variance component estimates, the percentages of the total variance (% Total) contributed by each component, and the probability (P-value) Role of geographical isolation. Isolation-by-distance is another factor that may contribute to race formation in parasites and nonparasites (Templeton 1981; Orr 1995; Orr & Orr 1996) . Given their generally allopatric distribution (Fig. 1a) , geographical isolation may play an important role in the formation of the three A. americanum races. For example, A. americanum populations from P. contorta var. murrayana (CA-47, OR-48, CA-49, OR-50) in the Sierra Nevada and Cascade Mountain ranges are isolated geographically from populations on P. contorta var. latifolia (CO-36, ID-37, OR-38, OR-39, ID-40, UT-41, CO-42, CO-43, WY-44, UT-45, CO-46) across the Great Basin in the Blue, Salmon River, Uinta and Rocky Mountains (Fig. 1a) . This geographical isolation likely leads to reduced gene flow by pollen and seeds, and may account for much of the differentiation between populations in these two regions. In Canada, gene flow between A. americanum populations on P. banksiana and P. contorta var. latifolia is not restricted by physical barriers such as mountain ranges. In fact, the two host species co-occur and hybridize in a zone in central Alberta (Critchfield & Little 1966) . Outside this hybridization zone, however, the host taxa and their associated A. americanum races are geographically separated. Thus, isolation-by-distance likely accounts for some of the differentiation among A. americanum races on P. contorta var. latifolia and P. banksiana. The divergent positions of the hybrid populations in the dendrogram does imply, however, that this zone does allow for gene flow across these two races.
Pollen dispersal. Factors intrinsic to the organism may also play a role in the structuring of A. americanum populations. For example, limited pollen dispersal could limit gene flow, and thereby increase population differentiation, in A. americanum. Despite being an obligate outcrossing species, A. americanum pollen is not dispersed over long distances. Pollen in this species is thought to be dispersed through a combination of insect vectors (such as flies and gnats) and wind dissemination (Penfield et al. 1976 ; Gilbert & Punter 1984 . Maximum pollen dispersal by wind has been reported at 400 -512 m for A. americanum (Penfield et al. 1976; Gilbert & Punter 1984) .
Role of climate.
Climatic conditions may also be important in promoting race formation (Schluter 1998) . For example, A. americanum races may have diverged as a result of adaptation to growth in different ecoclimatic regions. For example, P. banksiana is found in the boreal forest, which is characterized by extremes in temperature, short growing seasons, relatively dry conditions and peak precipitation in the summer (Ecoregions Working Group 1989; Rudolph & Laidly 1990; Barbour & Christensen 1993) . P. contorta, in contrast, is found in the western montane coniferous forest, which is characterized by less extreme temperature variation, a longer growing season, wetter conditions and peak precipitation in the winter (Ecoregions Working Group 1989; Lotan & Critchfield 1990 ; Barbour & Christensen 1993) . Based on finer scale environmental differences, this ecoclimatic zone is divided into smaller regions with var. latifolia being found in the Rocky Mountain forest region and var. murrayana being found in the Pacific North-west montane forest region (Barbour & Christensen 1993) . Thus, A. americanum races may be responding to divergent selection pressures imposed by different environments, as well as to geographical isolation and host adaptation.
Hybrid host populations. Despite the strong group structure evident in A. americanum from nonhybrid hosts, populations from hybrid hosts did not fall into discrete clusters defined by host identity. Those populations from hybrids in central Alberta are found as outliers to the P. contorta var. latifolia group, a position that is not unexpected as these populations are in an intermediate geographical position between regions where the two parents occur. Populations from hybrid hosts in northern Alberta (AB-18, AB-21 and AB-22), however, were found in a more divergent position in the dendrogram, as outliers to all A. americanum populations. In this case, it is possible that past founder events may be responsible for the divergent position of these populations. If these populations were initiated by founder events, then new mutations and genetic drift acting on these initially small and isolated populations could account for their differentiation relative to other populations (Lewontin 1965; Slatkin 1987) .
Factors influencing fine-scale structuring within A. americanum races
Animal dispersal of seeds. In the genus Arceuthobium, seeds are thought to be dispersed primarily through the explosive discharge of seeds from their fruits (Hawksworth & Wiens 1996) . If this mechanism were solely responsible for seed dispersal in A. americanum, a relatively strong geographical pattern would be expected to the genetic data. Such fine-scale patterning was not observed in this study. This lack of patterning may result from rare events of seed dispersal through stochastic transport on the feathers of birds or on the fur of small mammals. Past researchers have suggested that rare events of seed dispersal by animals can have a significant impact on patterns of genetic structure of plants (Antonovics 1968; Hamrick 1987) . In Arceuthobium, various lines of evidence support a role for animal dispersal of seeds. First, animal vectors or 'freak' weather events must be responsible for the existence of satellite infection centres of Arceuthobium that are isolated geographically from other known infected stands (Hawksworth & Wiens 1996) . Second, A. americanum seeds have been found on the feathers of birds and the fur of small mammals in and around infected stands (Nicholls et al. , 1989 Hawksworth et al. 1987; Punter & Gilbert 1989; Hawksworth & Geils 1996) . Finally, dispersal of A. americanum into regions previously covered by the Laurentide and Cordilleran ice sheets has occurred at a rate of 40 m/year, which is two orders of magnitude greater than can be explained by explosive discharge of seed alone (0.4 m/year) (Hawksworth & Wiens 1996) . Taken together, the ecological observations described above and the molecular evidence from this study strongly implicate animal vectors as having an important influence on the fine-scale genetic structuring of A. americanum.
Glacial history. Different geographical origins following Pleistocene glaciation may have resulted in the observed genetic differentiation between the northern (on-ice) and southern (off-ice) A. americanum subgroups from P. contorta var. latifolia. For example, a northern refugium may have may have served as a centre of origin for the spread of A. americanum across Canada. Fossil evidence supports this idea as pollen from A. americanum has been recorded as far north as the Banff-Jasper and Peace River areas in sediments up to 10 000 years old (White & Mathews 1986; MacDonald 1989) . However, populations south of the glacial front would have remained isolated from these northern populations for thousands of years, thereby allowing these populations to follow a different evolutionary path. The distinction between the north/south subgroups of A. americanum on P. contorta var. latifolia may alternatively reflect isolation-by-distance. However, because A. americanum populations are rather continuously distributed across the range of P. contorta var. latifolia, this seems unlikely.
Other factors. Numerous other factors may influence the fine-scale patterning within A. americanum groups. These factors include adaptation to local host genotypes or environmental conditions that are themselves not geographically patterned. These influences are examined in the second study (Jerome & Ford 2002) of this series by comparing the genetic structure of A. americanum in light of knowledge about the genetic structure of its Pinus spp. hosts.
Factors influencing diversity/variability in A. americanum
Genetic drift. The generally large population sizes and outcrossing nature of A. americanum should prevent most populations of this species from suffering loss of genetic diversity due to random genetic drift or inbreeding.
Findings from this study support this hypothesis as most populations were genetically diverse. However, the northern-most populations from hybrid hosts (AB-18, AB-21 and AB-22) were genetically depauperate, supporting our earlier hypothesis (based on their divergent position in the dendrogram) that these populations became established as a result of founder events.
Evolutionary origin. An examination of levels of genetic diversity within groups of A. americanum can provide insight into the evolutionary origin and the migratory history of this parasite. Conspecific populations with the highest genetic diversity are generally thought to represent the centre of origin for a taxon (Ruedi et al. 1996; Toumi & Lumaret 1998) . Because A. americanum is found throughout the range of P. contorta but only in the western-most portion of the range for P. banksiana (see Fig. 1a,b) , researchers have hypothesized that this parasite originated on P. contorta and then jumped onto P. banksiana with the retreat of the Pleistocene ice sheets (Hawksworth & Wiens 1996) . Findings from our study support this idea as A. americanum populations from P. contorta were more genetically diverse than those from P. banksiana.
Effects of glaciation.
The effect of glaciation on population structuring of A. americanum was considered earlier. Here, the impact of glaciation on levels of genetic diversity is discussed. In general, studies have shown that conspecifics or congeners from unglaciated areas (off-ice) have higher genetic diversity than those from glaciated areas (on-ice) (Copes 1981 ; Lewis & Crawford 1995; Broyles 1998) . This is thought to relate to the loss of diversity as a taxon migrates in a stepping-fashion from glacial refugia in the south into newly deglaciated northern regions (reviewed in Lewis & Crawford 1995 and Broyles 1998) . The finding in this study that A. americanum populations from on-ice regions are more genetically diverse than those from off-ice regions contradicts this expected pattern. A few other studies (Hawley & DeHayes 1994; Ford et al. 1998; Wallace & Case 2000) also reported anomalous patterns. These researchers attributed their findings to several factors including postglacial range contractions in the south, the existence of genetically diverse northern refugia and preLaurentide patterns of genetic diversity. Some of these hypotheses could explain the patterns observed in A. americanum. As discussed previously, pollen evidence supports the existence of a northern refugium for A. americanum in the eastern Rockies (White & Mathews 1986; MacDonald 1989) . Therefore, it is possible that this northern refugium acted as a source of genetically diverse individuals that colonized newly deglaciated land following the retreat of the Laurentide ice sheets. In addition, if A. americanum existed south of the glacial front as small populations that were subjected to genetic drift during the time of Pleistocene glaciations, this would explain lower genetic diversity in these populations. The size of the conifer forests south of the glacial front during the Pleistocene (Critchfield 1985) make it unlikely that this parasite existed in small and isolated populations. However, it is possible that repetitive range contractions during the advance and retreat of the ice sheets could have reduced the genetic diversity in these off-ice populations.
AFLP as a genetic marker for population studies
There has been some concern in the literature about the estimation of population genetic parameters from dominant markers such as AFLP or Randomly amplified polymorphic DNA (RAPDs) (Lynch & Milligan 1994; Ayres & Ryan 1999; Fischer et al. 2000) . Such estimations require that: (i) populations are in Hardy-Weinberg equilibrium; and (ii) null alleles are homologous across populations (Fischer et al. 2000) . In our study, it seems probable that the Hardy-Weinberg assumption is met given the dioecious nature of Arceuthobium, as well as the high similarity detected between observed and expected heterozygosity in several Arceuthobium spp. using codominant isoenzyme markers (Nickrent & Butler 1990 . Thus, the L-M correction factor used in this study likely compensates for the underestimation of null alleles that is commonly associated with dominant markers. With respect to the second assumption, it is probable that most of the null alleles observed in this study represent homologous character states as closely related individuals were being examined. Furthermore, Fischer et al. (2000) have indicated that deviation from either of these assumptions can be countered by high levels of significance to variability measures as determined by amova. In our study, all variability measures as determined by amova were highly significant (P < 0.001).
Several researchers (Lynch & Milligan 1994; Isabel et al. 1999) have also suggested that dominant markers might be biased towards higher values of population differentiation in comparison with codominant markers (Fischer et al. 2000) . Thus, it was suggested that data sets be 'pruned' to restrict analysis to markers with relatively high frequencies of null alleles (i.e. the '3/N criterion'). Lynch & Milligan (1994) also suggested that 100 individuals should be used to represent each population. However, examining so many individuals per population is impractical for most broad-spectrum population studies. Bartish et al. (1999) have shown that using many fewer individuals (10 plants per population) and ignoring the '3/N criterion' yielded results comparable with those obtained by following Lynch & Milligan's (1994) suggestions. Further, Bartish et al. (1999) suggested that applying the '3/N criterion' when only a small number of individuals is sampled actually underestimates genetic diversity in populations. These researchers have suggested that increasing the number of loci examined can decrease sampling variance and compensate for observing a low number of individuals per population. Use of the AFLP marker system in this study fulfils this recommendation since a large number of loci (n = 100) were examined. Hawksworth & Wiens (1984 have been the primary researchers conducting taxonomic studies on the genus Arceuthobium. These researchers (Hawksworth & Wiens 1996) define species as 'population systems that exhibit suites of characteristics that remain constant within prescribed limits of variation from generation to generation on different hosts'. Subspecies are defined similarly to species except that 'the distinguishing differences are neither as numerous nor of the magnitude that separate species'. Races are taxa that associate with different principal hosts but show no consistent morphological or physiological differences.
Conclusions
Taxonomic implications
The implications of our study on the taxonomy of Arceuthobium americanum are worth considering in this context. Nickrent & Butler (1990) have argued that classification of a genus should be internally consistent in terms of the levels of divergence that one accepts for the various component taxa. A. americanum is clearly comprised of three groups (denoted as races in this study) that are genetically well differentiated from each other. The cohesiveness of the three groups suggests that gene flow is limited across these groups, despite the lack of obvious morphological differences.
At present, the classification scheme of Hawksworth & Wiens (1984 is accepted without rank applied to the three genetic races of A. americanum discovered in this study. However, an examination of anatomy and micromorphology would be useful to determine if differences exist between the three races and if a higher taxonomic rank should be applied to these cryptic taxa.
Evolutionary implications
Researchers have suggested that pressures imposed by different hosts have played a major role in the evolutionary diversification of Arceuthobium (Nickrent & Butler 1990; Hawksworth & Wiens 1996) and other parasitic plants (Glazner et al. 1988; Norton & Carpenter 1998) . The findings from this study show that much of the population differentiation in A. americanum is distributed among the three genetic races. These A. americanum races have nonoverlapping geographical ranges (with the exception of the hybrid zone in Alberta) and are each associated with a different host taxon. Because gene flow is higher within than between the races, novel alleles may become common in one race, but not another. It is possible that A. americanum will undergo speciation via race formation if gene flow continues to be restricted between the three races, and if reproductive isolation develops.
This process of speciation via host race formation may be important in a number of other parasitic plants. For example, genetic evidence and infectivity experiments have provided evidence for host-specific races within Viscum album (Zuber & Widmer 2000) , Phoradendron californicum Nutt. (Glazner et al. 1988) , Phoradendron tomentosum Englem. ex A. Gray (Clay et al. 1985) , Striga gesneroides Vierh. (Musselman & Parker 1981) and Striga hermonthica Benth. (Freitag et al. 1996) . Our study lends support to these studies.
The concept of speciation via race formation has been criticized by Levin (1993) who argues that there is no evolutionary force that can simultaneously act on all geographically isolated populations of a race to separate them uniformly from a pre-existing race. However, it seems probable that limited gene flow among races but high gene flow within races, due to factors such as selection pressures or geographical isolation, could drive races to reproductive isolation and, ultimately, to speciation (Templeton 1981; Orr 1995; Orr & Orr 1996; Via et al. 2000) .
